Many cells exhibit periodic transient increases in cytosolic calcium levels rather than a sustained rise when stimulated by a hormone or growth factor. We propose here a molecular model that accounts for periodic calcium spiking induced by a constant stimulus. Four elements give rise to repetitive calcium transients: cooperativity and positive feedback between a pair of reciprocally coupled (crosscoupled) messengers, followed by deactivation and then by reactivation. The crosscoupled messengers in our model are inositol 1,4,5-trisphosphate (InsP3) and cytosolic calcium ions. The opening of calcium channels in the endoplasmic reticulum by the binding of multiple molecules of InsW3 provides the required cooperativity. The stimulation of receptor-activated phospholipase C by released calcium ions leads to positive feedback. InsP3 is destroyed by a phosphatase, and calcium ion is pumped back into the endoplasmic reticulum. These processes generate bistability: the cytosolic calcium concentration abruptly increases from a basal level to a stimulated level at a threshold degree of activation of phospholipase C. Spiking further requires slow deactivation and subsequent reactivation. In our model, mitochondrial sequestration of calcium ion prevents the cytosolic level from increasing above several micromolar and enables the system to return to the basal state. When the endoplasmic reticulum calcium store is refilled to a critical level by the Ca2 -ATPase pump, cooperative positive feedback between the InsP3-gated channel and phospholipase C begins again to give the next calcium spike. The time required for the calcium level in the endoplasmic reticulum to reach a threshold sets the interval between spikes. The amplitude, shape, and period of calcium spikes calculated for this model are like those observed experimentally.
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Many signal transduction pathways are mediated by increases in cytosolic calcium levels produced by the action of the inositol phospholipid cascade (1, 2 Calcium is pumped back into the ER by a Ca2+-ATPase that is thought to transport two Ca2 + ions per reaction cycle (2) . The flux J2 into the ER is given by J2 = C2X2/(X + K2)2 -C3Z2 [3] Abbreviations: ER, endoplasmic reticulum; InsP3, inositol 1,4,5-trisphosphate; PLC, phospholipase C.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. where x is the cytosolic Ca2 + level and z is the ER Ca2 + level. The c2 term is the ATP-driven pumping of Ca2 + into the ER, which is thought to be proportional to the square of the cytosolic Ca2+ concentration at low Ca2+ concentrations (13) .
The transport rate of the similar sarcoplasmic reticulum Ca2+-ATPase is reported to be half-maximal at calcium concentrations ranging from about 0.1 to 1 ,uM (2 The production of InsP3 depends on the catalytic activity of PLC, which is controlled by a cell-surface receptor, most likely through a G protein. A strong stimulatory effect of Ca2 + on PLC activity has been found in some studies (9, 10) and weaker stimulation in others (12, 14) . We assume that PLC activity depends both on the degree of stimulation ofthe receptor and on the Ca2+ level. The rate of formation of InsP3, denoted by k+, is then taken to be k+= c4R g, [4] where R is the degree of receptor-dependent activation (0 < R < 1), and g is the modulatory effect of cytosolic Ca2+. We assume that g is given by a simple binding expression, g = x/(x + K3). [5] K3 and c4 have not been experimentally determined. However, assumed values of 1 ,uM and 1 ,uM/s lead to InsP3 levels in the range (10-100 nM) expected for stimulated cells (1, 9) .
The rate of destruction of InsP3, denoted by k_, is given by k_ = c5y.
For RBL cells, c5 is 2 s-1 (T.M., J. Critchfield, and L.S., unpublished results).
Relationship Between Steady-State InsP3 and Ca2" Levels. We can now determine how the concentration of InsP3 (y) depends on the concentration of cytosolic Ca2" (x), and vice versa. The rate of change of the cytosolic Ca2 + level is given by dx/dt = J1-J2 = cl[y'/(Kl + y)3]z -j2, [7] and the rate of change of InsP3 concentration by dy/dt = k+ -k_ = C4 R[x/(x + K3)] -c5y. [8] Consider this system at steady-state (dx/dt = 0 and dy/dt Depletion and Slow Repletion of the ER Calcium Store Lead to Spiking. The system depicted in Fig. 1 when the cytosolic level is higher than about 0.6 gM (15) .
Calcium is also pumped out of cells by two types of transporters in the plasma membrane, the Ca2+-ATPase and the sodium-calcium antiporter (2) . The kinetics of mitochondrial uptake of calcium and their high capacity for calcium lead us to believe that mitochondrial uptake is quantitatively more important than extrusion across the plasma membrane in accounting for spiking. However, this is an open question that deserves experimental study. The major import pathway into mitochondria is a Ca2 + uniporter that is driven by the proton-motive force (15) . The rate of entry of Ca2+ depends on the 3.3 power of the cytosolic Ca2+ concentration (for cytosolic levels up to several micromolar). The rate of efflux, in contrast, is essentially independent of the mitochondrial calcium level (15) Biochemistry: Meyer (15) and C7 is 0.6 /LM (the mitochondrial setpoint at which efflux is equal to influx).
The inclusion of mitochondrial sequestration has a striking effect on the time-dependence of the cytosolic calcium level. As shown in Fig. 5 The contributions of the processes included in Eqs. 8 and 9 to calcium spiking can be appreciated by examining the time-dependence of the concentrations of cytosolic Ca2 + (x) and InsP3 (y), the crosscoupled messengers, and that of Ca2+ in the ER (z). Spiking can be divided into three phases ( (1988) ft^ in cytosolic calcium level should occur when such cells are stimulated. The sodium-calcium antiporter in the plasma membrane may complement mitochondrial uptake in lowering the cytosolic calcium level. The contribution of this antiporter to spiking can be assessed by inhibiting it using extracellular Li+ in place of Na'. Hormone-stimulated Ca2+-influx across the plasma membrane could increase the frequency of spiking by shortening the time required for calcium loading of the ER. The significance of this process could be tested by measuring the frequency of spiking as a function of the extracellular calcium level.
Biological Significance of Periodic Calcium Spiking. The occurrence of periodic calcium spiking in a wide range of cell types and excitation processes suggests that it plays a fundamental role in transduction pathways mediated by changes in the cytosolic calcium level. The fidelity of signal transmission is increased by spiking because the resulting peak calcium levels are much higher than those produced by most spontaneous fluctuations. Furthermore, the deleterious effects of sustained elevations of calcium level can be avoided by spiking. The existence of a threshold for spiking ensures that a low degree of activation of PLC does not raise the cytosolic calcium level. A cell can ignore subthreshold stimuli or noise induced by components of the transduction chain. The rare fluctuation that triggers a single spike is unlikely to persist and lead to a train of spikes.
Cooperatively activated calcium-binding proteins, such as calmodulin, are well suited for detecting calcium spikes because they can be designed to be switched on only at spike peaks. Furthermore, effector systems can be selectively tuned to respond to particular spike frequencies (FM transmission and detection) (1, 16) . A single messenger such as calcium could excite different effector systems depending on the spike frequency. One can also envision a calciumsensitive effector system that is activated by multiple successive spikes and not by a solitary spike. Calcium spikes could also serve as an internal timing device and establish a cellular clock.
